1. Introduction {#s0005}
===============

Influenza comprises a substantial portion of morbidity and mortality caused by acute respiratory infections, which are the fourth leading cause of death and the second highest cause of years of life lost ([@bb0175], [@bb0205], [@bb0155]). Severe influenza diseases with high mortality have been frequently reported, especially in those patients infected with avian influenza (AI) A (H5N1, H5N6, H7N9 or H10N8) viruses or during a pandemic ([@bb0170], [@bb0180], [@bb0010]). Severe AI or pandemic patients present with rapidly progressive pneumonia, leading to acute respiratory distress syndrome or the complication of multiple organ failure ([@bb0060], [@bb0185], [@bb0010], [@bb0095]). Respiratory distress is the most common cause of death in patients infected by these viruses ([@bb0120], [@bb0060]). Autopsy or postmortem biopsy studies showed that extensive diffuse alveolar damage is the most consistent finding, and the virus predominantly infected lung parenchyma in H5N1, H5N6, and H7N9 patients or fatal cases infected by influenza pandemic viruses ([@bb0085], [@bb0065], [@bb0220]).

In terms of therapy, other than lung protective ventilation for support for oxygenation, antiviral treatment is an important component to manage those patients infected with these viruses ([@bb0060], [@bb0290], [@bb0300]). However, influenza viruses mutate readily, and produce drug-resistant strains or unmanageable stains using vaccine ([@bb0075], [@bb0090], [@bb0225]). In addition, in case of lethal influenza infection, antiviral treatment is needed early to block virus replication and prevent triggering dysregulation of immune response, thereby abrogating the immunopathology ([@bb0275]). Once triggered, the immune-mediated tissue damage possibly presents limited sensitivity to antiviral agents ([@bb0285], [@bb0080]).

C-reactive protein (CRP), a pentraxin, is a marker of inflammation that has been extensively used in clinical practice. CRP is involved in the innate immune response by attaching to microorganisms and damaged cellular components via phosphocholine. This leads to complement activation and phagocytosis. Excessive host immune response including complement activation has been shown to play a critical role on pathogenesis of severe influenza infections ([@bb0265], [@bb0055]). Activation of the complement system has been implicated in the development of acute lung diseases induced by highly pathogenic influenza viruses ([@bb0070], [@bb0245], [@bb0240]). Recent studies have brought up the idea of CRP to be not only a systemic marker of inflammation but also a mediator in inflammation faci ([@bb0260]), and indicated that high levels of CRP is a high risk factor of fatality in H7N9 patients ([@bb0020], [@bb0280]). However, its exact physiological roles remain largely unknown, especially in severe influenza diseases. In this study, we characterized the role of CRP on pathogenesis of severe infections by influenza A (H5N1, H7N9 or H10N8) viruses, and indicated a candidate molecule for immunotherapy of severe influenza infection.

2. Materials and Methods {#s0010}
========================

2.1. Influenza Patients and the Assessment of Patient Sera {#s0015}
----------------------------------------------------------

Archived serum samples were obtained from local Centers for Diseases Control and Prevention (CDC) participating in the National Influenza Surveillance Network. H5N1, H7N9, H10N8, or H1N1 pdm09 infection was confirmed by reverse transcription polymerase chain reaction (RT-PCR) or viral isolation according Chinese influenza surveillance guideline. No samples were obtained from patients with presumptive (clinical diagnosis). Control samples were set from 10 normal donors from poultry workers. The sera CH50 levels were detected by MicroVue CH40 Eq EIA kit (Quidel, USA) per the kit\'s protocol. The sera CRP and C3 levels were tested by Bejing CIC clinical laboratory using turbidimetric inhibition immuno assay.

2.2. Viral Titration {#s0020}
--------------------

The influenza viruses used in this study were titrated by a TCID50 (50% tissue culture infectious dose) in MDCK cells. Briefly, 100 μL/well of MDCK cells (3 × 10^4^ cells/mL) were seeded one day before infection in 96-well microtiter plates. Serial semi-logarithmic dilutions of each virus or samples were made with Dulbecco modified Eagle medium containing 1% bovine serum albumin and 2 μg/mL TPCK-treated trypsin from 10^− 2^ to 10^− 7^. Dilutions of each virus or sample were added to MDCK cells (4 wells for each dilution, 100 μL/well). The cells were incubated for 48 h at 37 °C. The contents of each well were tested for hemagglutination by incubating 50 μL of the tissue culture supernatant with 0.5% turkey erythrocytes. The TCID50 was calculated according to the Reed and Muench method. For mouse lung tissue processing, in brief, whole lung tissues from each mouse were homogenized in 2 mL of phosphate buffered saline (PBS). The supernatant was sampled after centrifugation at 3000 rpm for 15 min at 4 °C.

2.3. Viral Infection In Vitro {#s0025}
-----------------------------

The infection was performed by seeding the paired A-549 and THP-1 cell at a 1:1 cell ratio (100,000 cells each) onto a Transwell insert co-culture system (SI Appendix Fig. S4). A-549 were seeded onto the lower chamber of a 12-well plate and THP-1 onto Millicell hanging cell culture inserts (0.4 μm pore size; Costar, USA) in 0.5 mL of MEM (supplemented with 1% BSA and 1% antibiotic-antimycotic solution) with or without CRP (20 mg/L, BiosPacific, USA) at 37 °C. Another group was set as that CRP receptor blockers (100-fold diluted monoclonal antibodies against FcyR-I and FcyR-II; R&D, USA) were added into CRP-treated cells. The A-549 cells were infected with 0.1 multiplicity of infection (MOI) of A/Guangxi/1/2010(H5N1) virus. Four duplicates were set for each infection or MOCK group. The A-54ss9 or THP-1 cells were harvested for quantitative RT-PCR or immunochemistry detections at 6 h or 24 h post of infection, respectively. All steps were performed in biosafety level - 3 containment laboratory.

2.4. Mouse Infection {#s0030}
--------------------

All animal studies were performed according to guidelines approved by the Investigational Animal Care and Use Committee of the National Institute for Viral Diseases Control and Prevention of the China CDC. We performed viral challenge by i.n. inoculation of 10^5^ TCID50 of A/PR/8/34 (10-fold 50% lethal dose) to anesthetized 6- to 8-week adult female C57 BL/6 mice in 50 μL PBS. Intraperitoneal administration of 1,6-bis PC or/and peramivir (Abmole Bioscience, USA) was started 48 h after virus infection. A total of 4 types of treatment regimens (0.1 mM 1,6-bis PC, 0.02 mM 1,6-bis PC, 3 mg peramivir, and 3 mg peramivir plus 0.1 mM 1,6-bis PC per kg each day) were administered until day 7 postinfection. Compound 1,6-bis PC was synthesized in SKS Chem according to a previous report ([@bb0195]). All compounds were diluted in TC (0.01 M Tris plus 0.14 M NaCl and 0.002 M CaCl~2~, pH 8.0) buffer. If the mice lost over 25% of their initial body weight, they were humanely euthanized and necropsied.

2.5. Immunochemistry Assay {#s0035}
--------------------------

An immunochemistry test for detection of influenza A antigen was performed on the slides with a THP-1 smear by using a polymer-based colorimetric indirect peroxidase method (ZSBio, China). The THP-1 cells were fixed using 80% acetone. A mouse monoclonal antibody against the nucleoprotein of influenza A was used (Serotec, UK). For controls, we used an antibody against nucleoprotein of influenza B virus in place of the primary antibody.

2.6. RNA Extraction and Quantitative RT-PCR {#s0040}
-------------------------------------------

RNA was extracted from THP-1 or A549 cells using automated RNA extraction system QIAsymphony RGQ (Qiagen, Germany) with QIAsymphony RNA extraction kits as per the kit\'s protocol. To quantify the influenza viral load, proinflammation cytokine (IL-6 and IP-10), apoptosis-associated (TRAIL and FAS) gene, C5a receptor (C5aR1 and C5aR2) and CRP receptor (FCGR2 and FCGR3) mRNA levels, a quantitative real-time RT-PCR was performed on a real-time PCR detection system (Agilent Technologies Inc., Santa Clara, CA). The primer and probe sets were described in our previous report ([@bb0055]) or from commercial products (Hs02375669, Hs01906226, Hs04206243, Hs04211858; Life Science Technologies, USA).

2.7. Histopathology and Immunohistochemistry {#s0045}
--------------------------------------------

Routine hematoxylin and eosin staining was used for histopathology evaluation. For immunohistochemistry, 4 μm deparaffinized formalin fixed paraffin embedded sections were stained with monoclonal antibody against CRP (Abcam, USA), CD20cy (Dako Denmark), CD8 (Dako Denmark) and complement C5a (Abcam, USA) by using a polymer-based colorimetric indirect peroxidase method (ZSBio, China).

2.8. Mouse CRP, Lactate Dehydrogenase B, and Creatine Kinase-MB Assay {#s0050}
---------------------------------------------------------------------

Mouse CRP, lactate dehydrogenase B (LDHB) and creatine kinase-MB (CK-MB) levels in mice sera were determined using enzyme-linked immunosorbent assay according to the manufacturer\'s instructions (CRP detection kit from R&D system, USA; LDHB and CK-MB detection kits from Dldevelop, China).

2.9. Statistical Analysis {#s0055}
-------------------------

Statistical analysis was performed using Instat software (Version 5.0, GraphPad Prism). Statistical significance was determined by Mann-Whitney *U* test or Kruskal-Wallis, Pearson\'s correlation or nonparametric *t-*test. Differences were considered significant at *p* \< 0.05 with two-tailed testing.

3. Results {#s0060}
==========

3.1. CRP Levels may be Linked to the Severity and Lethality of Avian Influenza Infection {#s0065}
----------------------------------------------------------------------------------------

Serum samples were collected from total of 47 severe patients infected with H5N1 (*n* = 23), H7N9 (*n* = 21) or H10N8 (*n* = 3) avian influenza viruses. Twenty-six subjects died: 14 of H5N1, 10 of H7N9, and 2 of H10N8 cases. The other 21 survivors required intensive care. Median age of patients was 21 years (range, 2--62) in H5N1, 55.5 years (range, 24--67) in H7N9, and 64 years (range, 55--75) in H10N8. In addition, sera of mild influenza patients were involved from 10 adult outpatients infected with H1N1 pdm09. Control sera were set from 9 normal healthy adult volunteers (SI Appendix Table S1). With the development of illness duration, the kinetics of CRP showed that CRP levels might be linked to the severity and lethality of avian influenza infection in H5N1, H7N9 or H10N8 patients ([Fig. 1](#f0005){ref-type="fig"}A). Compared to H1N1 pdm09 patients with mild illness or healthy controls, remarkably increased serum CRP levels were detected in those patients with avian influenza ([Fig. 1](#f0005){ref-type="fig"}B). In addition, except for no case number for comparable analysis in H10N8 patients, CRP levels were much higher in H5N1 or H7N9 deceased patients than in survivors ([Fig. 1](#f0005){ref-type="fig"}C).Fig. 1Serum levels of CRP in patients with severe infection with avian influenza A viruses. (A) The graphs depict the kinetics of serum CRP in H5N1, H7N9 or H10N8 (Sequent samples were collected from one dead H10N8 patients or one survivor with H10N8 infection, respectively) survivors or fatal cases over different durations. (B) CRP levels in H5N1, H7N9, H10N8 (The three samples were collected at day 7, 9, or 15, respectively), mild H1N1 pdm09 patients or healthy volunteers. (C) CRP levels in fatal cases or survivors infected with H5N1 or H7N9 during the acute stage (\< 14 days after illness onset). Error bars represent mean with SEM. Mann-Whitney *U* test was performed to assess statistical significance, \**p* \< 0.05, \*\**p* \< 0.01 and \*\*\**p* \< 0.001.Fig. 1

3.2. Complement was Activated with Highly Levels in Avian Influenza Infections {#s0070}
------------------------------------------------------------------------------

Complement activation present in avian influenza A (H5N1, H7N9, H10N8) infections. Serum CH50 levels were significantly decreased in those avian influenza patients when compared to patients infected with H1N1 pdm09 or healthy volunteers ([Fig. 2](#f0010){ref-type="fig"}A). In addition, CH50 levels were much lower in fatal cases than in survivors with H5N1 or H7N9 (*p* \< 0.05) ([Fig. 2](#f0010){ref-type="fig"}B). C3, whose activation is part of the classic pathway of complement ([@bb0150]), was significantly decreased in those H5N1 or H7N9 patients when compared to healthy controls ([Fig. 2](#f0010){ref-type="fig"}C), indicating activation of complement system with high levels in these infections. The levels of C3 exhibited no significant difference between fatal cases and survivals of those patients with avian influenza (*p* \> 0.05) ([Fig. 2](#f0010){ref-type="fig"}D), suggesting that other alterable factors may be involved in the process.Fig. 2Complements CH50 and C3 levels in sera of patients with severe infection with avian influenza A viruses. (A) CH50 or C3 levels in H5N1, H7N9, H10N8, mild H1N1 pdm09 patients, or healthy volunteers. (B) CH50 or C3 levels in fatal cases or survivors infected with H5N1 or H7N9 during acute stage (\< 14 days after illness onset). Error bars represent mean with standard error of the mean (SEM). Mann-Whitney *U* test was performed to assess statistical significance, \**p* \< 0.05, \*\**p* \< 0.01 and \*\*\**p* \< 0.001 (two-tailed test).Fig. 2

3.3. CRP Levels Correlated With Complement Activation in Avian Influenza Infections {#s0075}
-----------------------------------------------------------------------------------

As shown in [Fig. 3](#f0015){ref-type="fig"}, the CRP levels presented slightly negative correlation with CH50 levels in sera of H5N1or H7N9 avian influenza patients, or remarkably negative correlation with CH50 levels in sera of H10N8 avian influenza patients during acute stage of illness (\< day 14 after illness onset). The kinetic of CRP and CH50 presented relatively opposite way in sequential samples of H5N1, H7N9 or H10N8 patients ([Fig. 3](#f0015){ref-type="fig"}D). In addition, to determine possible immunopathology associated with CRP, we performed several tests on autopsy lung tissues of H5N1 fatal cases. As previous reports have shown, lung sections of fatal cases with H5N1 infection showed intra-alveolar edema, interstitial hemorrhages, necrosis of alveolar line cells, focal desquamation of pneumocytes in alveolar spaces, and mononuclear inflammatory cell infiltrates ([Fig. 4](#f0020){ref-type="fig"}A). Immunohistochemistry staining showed that extensive CRP + cells were frequently seen in lung sections of H5N1 or H5N6 fatal cases ([Fig. 4](#f0020){ref-type="fig"}B,C). In addition, complement C5a deposition, and both B lymphocytes (CD20cy +) and cytotoxic T lymphocytes (CD8 +) were scatted in alveolar of H5N1 ([Fig. 4](#f0020){ref-type="fig"}D--F) or H5N6 fatal case as reported previously([@bb0065]).Fig. 3Correlations between CRP and CH50 in avian influenza infections. Correlations between serum CRP and CH50 levels in patients infected with H5N1 (A), H7N9 (B) or H10N8 (C) during the acute stage (\< 14 days after illness onset). The Pearson correlation coefficients (r) and *p* values are provided in each graph. (D) Kinetics of CRP and CH50 serum levels in sequential samples from patients infected with H5N1, H7N9, or H10N8.Fig. 3Fig. 4Histology and immunopathology of lung sections from H5N1 or H5N6 fatal cases. (A) Pulmonary histopathology in representative lung sections of H5N1 fatal patient (H&E). Immunohistochemistry for CRP + pulmonary cells (black arrows) in representative lung sections of H5N1 (B) and H5N6 (C) fatal cases. (D) C5a + pulmonary cells (black arrows), (E) CD20cy + lymphocytes (black arrows), (F) CD8 + (black arrows) lymphocytes in representative lung sections of patients infected with H5N1. A normal lung tissue as negative control for CRP (G), C5a (H), and CD20cy or CD8 staining (I). Original magnification: × 10 (A, G, H, I), × 20 (B, C), × 40 (D--F).Fig. 4

3.4. CRP Enhanced Inflammatory Response of Immune Cells and Apoptosis of Infected Cells {#s0080}
---------------------------------------------------------------------------------------

To define the effect of CRP in the progress of avian influenza virus infection, we used the Trans-well insert co-culture system with monocytes THP-1 and pneumocytes A-549. A-549 cells were infected with H5N1 virus in the system while treated with or without CRP and/or CRP receptors blockers. The results showed that H5N1 infection boosted expression of CRP receptors (FcyR2 and FcyR3) as well as C5a receptors (C5aR1 and C5aR2) significantly in A-549 cells ([Fig. 5](#f0025){ref-type="fig"}A). CRP treatment increased the viral load in THP-1 cells ([Fig. 5](#f0025){ref-type="fig"}B). Consistently, immunochemistry staining showed much more influenza virus phagocytosed in THP-1cells with CRP treatment than without CRP treatment ([Fig. 5](#f0025){ref-type="fig"} C). Correspondingly, CRP treatment increased the mRNA expression of proinflammatory factors IP-10 and IL-6 in THP-1cells at 6 h or/and 24 h post infection ([Fig. 5](#f0025){ref-type="fig"}D--G), and elevated mRNA levels of apoptosis genes (FAS and TRAIL) in infected A-549 cells at 24 h post infection ([Fig. 5](#f0025){ref-type="fig"}H, I). In contrast, these effects can be interrupted by CRP blocker ([Fig. 5](#f0025){ref-type="fig"}B--H).Fig. 5CRP and C5a receptors expression, viral load and host response in H5N1 infected cells. (A) Elevated CRP or C5a receptors mRNA expression in infected A-549 cells. B) Elevated viral load in infected-THP cells with CRP treatment. (C) Original magnification: × 50. More influenza nucleoprotein staining (in brown) in infected-THP cells with CRP treatment (left panel) than without CRP treatment (right panel). Elevated proinflammatory factors IP-10 and IL-6 mRNA levels in THP-1 cells with CRP treatment 6 h postinfection (D, E) or 24 h postinfection (F, G). Apoptosis-associated gene *FAS* and *TRAIL* mRNA levels showed elevated in A549 cells with CRP treatment 24 h postinfection (H, I). Unpaired *t*-test was performed to assess statistical significance, \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001 with a two-tailed test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 5

3.5. Compound 1,6-Bis PC Improved the Severity and Mortality of Infection With Lethal Influenza Virus in Mice {#s0085}
-------------------------------------------------------------------------------------------------------------

Monomeric CRP (mCRP) is considered to be the inflammatory derivative of circulating pentameric CRP (pCRP). The stabilization of pCRP with 1,6-bis(phosphocholine)-hexane (1,6-bis PC) abolished mCRP formation and deposition in vivo ([@bb0255]). CRP levels were increased significantly in sera of mice infected with PR8 virus at day 3 of infection. The high CRP levels were sustained at day 5 or 7 of infection ([Fig. 6](#f0030){ref-type="fig"}A). To determine the role of CRP in progression of severe influenza disease, compound 1,6-bis PC was used to treat the C57 bl/6 mice infected with lethal influenza virus PR8. TC (0.01 M Tris plus 0.14 M NaCl and 0.002 M CaCl~2~, pH 8.0) buffer or neuraminidase inhibitor peramivir treatment for placebo or antiviral therapy group was set on respectively. Compared to TC treatment, sera CRP levels were remarkably inhibited in infected mice with treatment of 1,6-bis PC, peramivir, or 1,6-bis PC plus peramivir. CRP levels presented lower in high dose of 1,6-bis PC (1,6-bis PC(H)) group than in low doses of the 1,6-bis PC (1,6-bis PC(L)) group, or in the 1,6-bis PC plus peramivir group than in the peramivir group at day 5 of infection([Fig. 6](#f0030){ref-type="fig"}B). Compared to the TC-treated group, the mice mortality rate was significantly improved in 1,6-bis PC(H), 1,6-bis PC(L), peramivir, or 1,6-bis PC plus peramivir treatment group (*p* \< 0.001) ([Fig. 6](#f0030){ref-type="fig"}C). The improved mortality rate was better with 1,6-bis PC(H) or 1,6-bis PC plus peramivir treatment than with peramivir or 1,6-bis PC(L) treatment. In addition, weight loss or weight recovery presented milder or earlier in the 1,6-bis PC(H) or 1,6-bis PC plus peramivir group than in other groups ([Fig. 6](#f0030){ref-type="fig"}D).Fig. 61,6-bis PC reduce the severity and mortality of lethal influenza infection in mice. C57 bl/6 mice were injected with 1,6-bis PC or/and peramivir, or TC buffer as a vehicle control 48 h after i.n. inoculation of phosphate buffered saline (PBS) or A/PR/8/34 live virus (105 TCID50). (A) Sera CRP kinetics in TC buffer treated mice. *n* = 3 to 4 mice per time point (mean ± SEM). \**p* \< 0.05, \*\**p* \< 0.01 (two-tailed *t*-test) when comparing 1 day postinfection. (B) Sera CRP levels were assessed 5 days postinfection. *n* = 3 to 4 mice per group (mean ± SEM). \**P* \< 0.05, \*\**P* \< 0.01 (two-tailed *t*-test). (C) Kaplan-Meier survival curves were recorded. *n* = 5 mice for PBS challenged group, *n* = 20 for every other group. \**p* \< 0.05, \*\* *p* \< 0.01, \*\*\**p* \< 0.001 (log-rank test) when comparing the peramivir group/1,6-bis PC(L) group. (D) Weight loss was recorded for all survived mice until 21 days postinfection. (E) Representative lung histopathology of PR8 or PBS challenged mice with or without 1,6-bis PC or/and peramivir treatment at day 7 post of infection. The infiltration of inflammatory cells (black square arrow) and hyaline membrane formation (black arrow) were presented in lung sections. Original magnification: × 10. Each experiment was repeated at least three times.Fig. 6

Virus shedding was detected in lung tissues of inoculated mice at day 3 or 7 postinfection. The results showed that the viral titers had no significant difference in lungs at day 3 postinfection among those different groups. However, the viral titers were decreased in the1,6-bis PC(H) or 1,6-bis PC plus peramivir treated group compared to TC or the 1,6-bis PC(L) group at day 7, and presented lower levers in the 1,6-bis PC plus peramivir group than in the single peramivir treatment group ([Fig. 6](#f0030){ref-type="fig"}E). In microscopic pathology, lethal influenza virus PR8 infections resulted into pneumonia, pulmonary bronchitis, and diffuse alveolar damage in lungs of infected mice ([Fig. 6](#f0030){ref-type="fig"}F). Compound 1,6-bis PC (H) treatment improved the pathological lesions remarkably. The inflammatory damages present as localization in 1,6-bis PC (H) treated mice instead of appearing diffuse in TC treated mice. In comparison, peramivir or 1,6-bis PC(L) treatment slightly improved the pathological damages. Compared to the TC group, the infiltration of inflammatory cells presented decreased, and edema changes were slightly alleviated. The pathological lesions showed moderate improvement in lungs of peramivir plus 1,6-bis PC treated mice. No histologic significant differences were found in heart tissue among infected-mice or PBS-challenged-mice (data not shown).

Compared to the PBS-challenged group, the levels of CK-MB isoenzyme have not significant differences in sera of infected mice with different treatment regimens including the TC control group (SI Appendix Fig. S1). However, LDHB levels presented significantly decreased in TC treated mice when comparing PBS challenged mice (SI Appendix Fig. S2A). Compounds 1,6-bis PC or peramivir treatment restored the LDHB levels of infected mice (SI Appendix Fig. S2B). LDHB levels were higher in the 1,6-bis PC(H) group than in other groups at 5 days postinfection although no statistical difference was seen among the different treatment groups. Except for the 1,6-bis PC(H) group, significantly decreased levels of LDHB were present in other treatment groups when comparing PBS-challenged group (SI Appendix Fig. S2B). LDHB levels were significantly negatively correlated with CRP levels (SI Appendix Fig. S2C). Further analysis showed that LDHB levels were significantly negative correlated with the weight changes of mice until 5 days postinfection in the TC group (SI Appendix Fig. S3A). In compound treatment groups, LDHB levels also presented significant correlation with the weight loss of mice at 5 or 7 days postinfection but not at 3 days postinfection (SI Appendix Fig. S3B--D).

4. Discussion {#s0090}
=============

Our data established an important role of CRP in the pathogenesis of avian influenza A (H5N1, H7N9 or H10N8) infections. Although highly pathogenic avian influenza virus infections have a different epidemiology, the most common cause of death is respiratory distress caused by severe alveolar damage in infected patients. Innate host response plays a key role in the pathogenesis of severe avian influenza diseases ([@bb0125], [@bb0030], [@bb0265]). Previous studies suggested that anaphylatoxin C5a has been implicated in the pathogenesis of ARDS by mediating neutrophil attraction, aggregation, activation, and subsequently pulmonary endothelia damage ([@bb0270], [@bb0250], [@bb0215]). Animal experiments showed that C5a inhibition can partially alleviate the pathogenicity of H5N1 or H7N9 infection ([@bb0240], [@bb0245]). Our study showed that CRP correlated with complement activation in patients with severe avian influenza (H5N1, H7N9 or H10N8). The C5a deposition was extensive in lung tissues of fatal H5N1 cases. Globally, the biological role of CRP after binding to ligands is to trigger the complement pathway ([@bb0190], [@bb0115]). CRP is recognized by complement protein C1q and potently activates the classic complement pathway, engaging C3, and the main molecule of adhesion of the complement system ([@bb0115], [@bb0005]). CRP located upstream of immune mediation would be a better immune mediator than C5a when designing a candidate molecule for immunotherapy for severe avian influenza diseases.

Our data indicated that CRP may be associated with tissue lesions. In addition to hepatic synthesis ([@bb0200]), CRP can be synthesized by lung cells (e.g. epithelial cells, lymphocytes) ([@bb0210], [@bb0130]). However, local production in extrahepatic synthesis of CRP may be a process of localized inflammation and a marker for local cellular damage ([@bb0100]). Tissue studies have shown that extensive diffuse alveolar damage is the most notably histological feature in severe fatal cases with avian influenza infection. The alveolar damage was accompanied by extensive diffusion, although the distribution of virus was scattered or rare in lung tissue of fatal cases ([@bb0160]). Excessive host response including virus-induced cytokine dysregulation contributed to the pathogenesis of severe influenza disease ([@bb0110], [@bb0055], [@bb0165]). In this study, CRP + cells presented extensive distribution in lung tissues of H5N1 or H5N6 fatal cases in addition to higher CRP levels in fatal cases. In addition, CRP enhanced induction of proinflammatory factors in THP-1 cells, and increased the expression of apoptosis gene in H5N1-infected A-549 cells in the Transwell insert co-culture system.

Inflammation is a time-dependent process, usually starting locally, and is recognized centrally via blood-borne mediators ([@bb0200]). Generally, proinflammatory cytokines appear within 1 h after the start of infection, and synthesis of CRP starts 6 to 8 h after onset ([@bb0200]). CRP is produced in response to stimulation by proinflammatory factor (e.g. IL-6, tumor necrosis factor alpha, interferon gamma, or IL-1) ([@bb0210], [@bb0115]). Previous reports have shown that both IL-6 and IP-10 have significantly higher levels in H5N1 or H7N9 patients compared with healthy volunteers ([@bb0305], [@bb0045]), and may represent a candidate molecule for immunotherapy in the setting of severe respiratory tract infection ([@bb0145], [@bb0295]). The levels of elevated cytokines were positively related to viral load in patients during acute duration ([@bb0040], [@bb0235]). In this study, CRP enhanced phagocytosis of THP-1 cells to infected virus in a co-culture system with H5N1 infection, and elevated the expression of the detected IL-6 and IP-10 in THP-1 cells. Hence, CRP may relate to deteriorated inflammation as well as tissue lesions in severe influenza infection when a high viral load is produced in individuals with lethal influenza infection.

Additionally, we found that enhanced CRP levels were correlated with downregulated expression of LDHB in sera of infected mice. The function of LDHB, which is consistent with an increased glycolytic phenotype, is required to maintain cell growth ([@bb0050], [@bb0140]). In normal tissues, LDHB is expressed in the liver, red blood cells, kidney, and heart. Its inhibition may have deleterious consequences including correlating with unfavorable survival diseases ([@bb0035], [@bb0135], [@bb0015]). In this study, high doses of compound 1,6-bis PC treatment slightly restored the levels of LDHB in sera of infected mice whereas PR8 infection decreased LDHB level in mice. In addition, down-regulated LDHB levels correlated with increased weight loss of infected mice. Therefore, CRP-mediated immune response involved multiple sites, worsening the severity of lethal influenza infection.

Animal experiments showed that 1,6-bis PC can improve the severity of illness and mortality of mice infected with lethal influenza virus in this study. Compound 1,6-bis PC, a derivative of CRP-ligand phosphocholine, can prevent dissociation of pCRP, and subsequently inhibit the generation and proinflammatory activity of mCRP. A previous study has showed that 1,6-bis PC can inhibit mCRP deposition and inflammation in rat myocardial infarction ([@bb0255]). In the current study, intraperitoneal 1,6-bis PC treatment lightened the inflammatory lesions in lung tissues of mice infected with lethal influenza virus while reducing the production of CRP. In contrast, 1,6-bis PC treatment alleviated the mortality of infected mice significantly, and improve weight loss and recovery in mice. Therefore, CRP may be a target for management of severe influenza diseases.

Neuraminidase inhibitors (NAI) are the most frequently used antiviral drug for management of influenza infection. Early NAI treatment was associated with shorter illness duration, and is most beneficial when treatment started within 2 days of illness onset ([@bb0105]). However, except for induction of resistant strains, NAI treatment can not reverse the immune mediated tissue damage triggered by infection. Peramivir used in this study is an effective NAI against a variety of influenza A and B subtypes. The results suggested that both 1,6-bis PC and peramivir can improve mortality and illness severity in mice infected with lethal influenza infection. However, high-dose treatment of 1,6-bis PC had better efficiency than peramivir; combinated treatment with 1,6-bis PC and peramivir yield even better efficiency. Previous studies suggested that lethal dissemination of influenza virus is associated with dysregulation of inflammation ([@bb0025]), and immune mediated tissue damage may present limited sensitivity to antiviral agents after a robust host innate immune response was triggered ([@bb0230], [@bb0285], [@bb0080]). Our results indicated that CRP may link to proinflammatory mediators contributing to activation of complement and boosting inflammatory response in severe influenza infections.

Although additional mechanistic studies are needed, our data shows that virus initiates the expression of proinflammatory cytokines-stimulated CRP after influenza infection begins. Then, CRP enhances phagocytosis of immune cells, and activates a series of innate immunoresponses, including complement activation, aggravation of inflammation responses, and apoptosis induction. That may be why high concentration of CRP induces exacerbated immunoresponse toward overt pulmonary inflammation, which leads to alveolar damage and respiratory failure. Importantly, our data identify CRP stabilizer as a potential mode to alleviate mortality in individuals infected with lethal influenza viruses. These observations provide a biological mechanism for immunopathological lesions of severe avian influenza diseases, and indicated a candidate molecule for immunotherapy.
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